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Progressive damage analysisStatic tensile experiments and progressive failure simulations of single-bolt, single- and double-lap joints
were carried out to comparatively investigate secondary bending effects, which present significant
eccentric-loading phenomena in single-lap joints but are almost non-existent in symmetric double-lap
joints. Progressive damage models of single-lap and double-lap joints were established, from which
the numerical predictions were found to be in good agreement with the experimental outcomes.
Experimental macro-scope failure patterns and seven numerical micro-scope failure modes obtained
from the progressive damage analyses were presented for the two types of joints. The effects of secondary
bending on the mechanical degradation and failure mechanism of single-lap joints were revealed. Some
characterizations of secondary bending in the joints, such as a characterized parameter on the AGARD
points, joint deformations and contact states, were quantitatively traced during the total progressive
damage process. All these characterizations increased the understanding of the effects of secondary
bending on the failure process of a single-bolt, single-lap joint.
 2016 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).Introduction
Composite bolted joints are widely used in aircraft structures
because of their high load carrying capacity, ease of maintenance
and replaceability, among other factors. However, due to the inher-
ent complexity of composite parts, the interaction between con-
nected components and the concentration of stress around the
edge of the bolt hole, composite bolted joints exhibit extremely
complicated mechanical responses, which significantly reduce
the load carrying capacity of the joints and have adverse effects
on the structural integrity [1,2]. Among major composite joint
types, the single-lap configuration is highly representative of most
composite bolted joints [2–4]. Furthermore, the aforementioned
defects are particularly serious in single-lap joints because of the
prominent secondary bending effects [5,6]. Secondary bending is
produced by the eccentric load path with respect to the asymmet-
ric geometry of the components, causing out-of-plane displace-
ment and amplifying the stress concentration around the bolt
hole [2,3,5]. The additional bending significantly affects the
mechanical properties of single-lap joints [2,6,7]. Thus, to improve
joint efficiency in aircraft structures, it is necessary to deeplyunderstand the effects of secondary bending on the mechanical
behavior of composite bolted joints [8–10].
Secondary bending was investigated in aircraft structures by
Schütz and Lowak [11]. They measured the strains at 150 different
structural locations and found that 86% of them presented obvious
secondary bending effects. To characterize secondary bending, a
parameter SB was defined in terms of either strains or stresses
[10,12] as shown in Eq. (1):
SB ¼ eb  et
eb þ et ¼
ebend
etens
 rbend
rtens
ð1Þ
where the subscripts b and t indicate the bottom and top surfaces of
the focused joint plates, and the subscripts bend and tens denote the
quantities caused by bending and tension respectively.
Previous investigations on secondary bending have primarily
used experimental methods. Strains gauges or special bending
strain gauges were placed on the free surface of the investigated
joint plate and in shallow grooves machined on the faying surface
of the opposite member plate [6], from which the tension strains
were measured and SBwas calculated as defined in Eq. (1). Because
SBwas significantly dependent on the location of the strain gauges,
especially their position in the longitudinal direction [11,12], Van
der Linden [13] suggested measuring the strains at a specific point,
which was named the AGARD point by the Advisory Group for
Aerospace Research and Development [14] and widely used in
Fig. 1. Configuration and dimensions of specimens (Unit: mm) (a) specimen of
single-lap joint, (b) specimen of double-lap joint.
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ducing an additional machining process and to reduce the strain
sensitivity to the gauge positioning in the strain gauge method,
Johan Ekh et al. [5,6] demonstrated that the curvature of a line
on the focused plate surface can provide nearly identical informa-
tion as SB. An optical full field measurement method to measure
the curvature experimentally was proposed in references [5,6].
However, to obtain the curvature, the lateral displacements along
the whole edge of the focused plate had to be differentiated twice
over the longitudinal length, which led to computational complex-
ity. For this reason, it can be very complicated to carry out and to
assess secondary bending by quantitative analyses of curvatures
along the specimen length.
In addition to the experimental investigations, some analytical
models and numerical analyses of the secondary bending effects
have been performed. Barrois [15] calculated the secondary bend-
ing by treating the thin plates in a single-lap joint as rigid bodies
and the bolts as flexible ones. In contrast to Barrois’s model, Schijve
and Das et al. [3,16,17] presented a neutral line model based on the
basic bending theory of elastic beams and plates neglecting the
bolt effects. To simulate the characteristics of secondary bending
more comprehensively, three-dimensional finite element (3D FE)
analysis was increasingly used to study out-of-plane stress in com-
posite bolted joints [18,19]. Edlund [20] developed 3D FE models to
study SB at the AGARD points. In addition, Johan Ekh and Joakin
Schön [5] also conducted detailed finite element analysis to inves-
tigate the influence of secondary bending on the strength predic-
tion for composite joints. All these aforementioned works,
however, assumed that the joints were in a linear elastic and
undamaged state, which failed to reflect the actual secondary
bending effects during the damage process of the joints. Thus,
the knowledge of secondary bending remains deficient and the
influences on mechanical behavior of typical composite joints need
to be expounded more specifically and clearly.
This paper describes comparative experimental investigations
on single-lap and double-lap composite bolted joints that were
carried out to highlight the effects of secondary bending. In addi-
tion, a progressive damage method, which was recently developed
for failure prediction of complex composite structures [21–24],
was adopted here to reveal the effects of secondary bending on
the failure behavior of composite bolted joints during the loading
process. The experimental results agreed well with the numerical
simulation, which validated the accuracy of the progressive dam-
age model and provided confidence for the numerical analyses.
The typical physical differences between the single-lap joint and
double-lap joint were explained, which highlighted the secondary
bending effects in the single-lap, single-bolt composite joints.Specimens and experimental procedures
Specimens
Single-lap bolted joints and contradistinctive double-lap bolted
joints were designed and fabricated according to the recom-
mended width to hole diameter ratio (w/d = 6) and edge distance
to hole diameter ratio (e/d = 3), as shown in Fig. 1. All the speci-
mens were made of T800 carbon/epoxy composites with stacking
sequences of [45/0/-45/0/90/0/45/0/-45/0]s. Each composite lam-
ina was 0.185 mm in thickness. The basic material properties were
provided by the manufacturer and are listed in Table 1 [21,25].
HST12-6-5 and HST12-6-7 protruding head fasteners made of
6Al-4V titanium alloy were utilized for the single-lap and
double-lap joints, respectively. They were secured by HST1078
high locking collars made of A280 high temperature alloy. The elas-
tic modulus and Poisson ratio of the titanium alloy were 110 GPaand 0.29 and the corresponding plastic behavior are illustrated in
Table 1 [21,25].
Experimental procedures
All static tensile tests were carried out on an INSTRON-8803
testing machine with a load capability of 250 kN according to the
standard ASTM D 5961 [26]. For each type of joint, five specimens
were tested. To investigate the secondary bending effects in single-
lap joints, a commonly used specific fixture that prevents the par-
tial bending of the joint was not used. The tensile loads were
applied to the specimens at a constant head displacement rate of
1 mm/min up to the catastrophic failure of the joints. The applied
load and grip holder displacement were automatically recorded by
the computer.
For each specimen, strain gauges were glued on both surfaces of
the laminates, as shown in Fig. 1. During the loading process, dif-
ferences between the strain gauges were calculated to evaluate
the system alignment. If poor system alignment occurred, the spec-
imen had to be reinstalled to modify the alignment. In addition, to
inspect the specimen damage status, several specimens were dis-
assembled after the experiments.
Progressive damage models for bolted joints
The progressive damage method (PDM) is acknowledged to be
effective at predicting failure of composite structures due to its
superiority at both forecasting the strength of complex structures
and tracing the detailed failure process. To implement a progres-
sive damage analysis, a progressive damage model is necessary.
The model comprises three modules: stress analysis, failure evalu-
ation and material property degradation.
Finite element models
To depict the stress distribution in composite bolted joints,
three-dimensional finite element models of the single-lap and
double-lap joints were established using ABAQUS [27], as illus-
trated in Fig. 2, in which linear solid elements C3D8 were adopted.
To reduce the computational cost, only half of the double-lap joint
was built because of its symmetry about the mid-surface of the
Table 1
Material properties.
T800 carbon/epoxy composites Plastic behavior of titanium alloy
Elastic modulus/GPa Strength/MPa Yield stress/GPa Plastic strain
E11 195 XT 3071 0.71 0
E22 8.58 XC 1747 0.8 0.0002
E33 8.58 YT 88 0.85 0.0005
G12 4.57 YC 271 0.9 0.0008
G13 4.57 ZT 88 0.97 0.002
G23 2.90 ZC 271 1.5 0.1
v12 0.33 S12 143
v13 0.33 S13 143
v23 0.48 S23 143
Fig. 2. Sketch of 3D finite element models (not to scale). (a) Single-lap joint model,
(b) double-lap joint model.
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unity.
Considering the stress concentration around the bolt-hole,
radial fine meshes were created in the vicinity of the hole for accu-
rate and converged numerical predictions. Relatively coarse
meshes were utilized away from the hole to reduce the computa-
tional cost. Each layer was established with one element along
the thickness direction in the laminate of interest, while five layers
were merged in one element for the other laminates to further
reduce the computational cost. A fine-meshed model of the fas-
tener was established to accurately simulate the stress distribution
around the hole edge. The nodes and elements of different parts in
the models were fixed and mutually corresponded with each other.
Contact pairs were used for the interfaces between adjacent
laminates as well as between the laminates and the fastener. A
surface-to-surface contact method was set to obtain more accurate
stress and pressure results. The friction coefficients between the
laminate and metallic bolt were set at 0.3 [21], while those
between the laminates were set to 0.1 [21].
Boundary conditions and loading applied to the models are
indicated in Fig. 2. The nodes in section A were fixed in all three
degrees of freedom and a distributed load was applied quasi-
statically to section B. The nodes in section C, which is the symmet-
ric mid-surface of the double-lap joint as illustrated in Fig. 2(b),
was constrained in the z direction. A preload of 5.338 kN was
applied to the bolt shank. A net-fit status was achieved by setting
the diameters of the bolt and bolt hole to be equal in the model. In
addition, several soft springs with stiffness factor 0.1 N/mm wereattached to the bolts and plates to prevent initial rigid body
motions and avoid difficulty in converging on the solution.
Failure criterion and material degradation rules
Because of the distinct and intricate failure mechanism exhib-
ited in composite structures, diverse failure criteria and material
degradation rules have been used in the literature to establish pro-
gressive damage models for various composite structures [23]. The
consensus is that a suitable progressive damage model that has
been verified by experiments is a prerequisite to accurate predic-
tion of the failure of composite structures.
A Hashin-type failure criterion proposed by Shokrieh [28] and
modified by Tserpes [29,30] as well as a material degradation
model created by Tserpes [29,30] and modified by Zhang et al.
[23] are adopted here. Their compatibility has been successfully
validated by a series of experimental results [23] predicting the
mechanical behavior of the same double-lap composite joints as
the specimens in the current work. The failure criterion provides
the capability of detecting and distinguishing seven basic micro-
scopic failure modes in composites [23,29,30], as illustrated in
Table 2. In addition, Table 2 lists the formulae of the material
degradation rules [23] corresponding to each failure mode.
In Table 2, rij(i, j = 1, 2, 3) are the scalar components of the
stress tensor; Xt, Xc, Yt, Yc, Zt and Zc are normal strengths, in which
the subscripts ‘t’ and ‘c’ denote tensile and compressive status,
respectively; and Sij(i, j = 1, 2, 3) are shear strengths. When damage
was detected, the elastic parameters and Poisson’s ratios of the
materials degraded according to the corresponding degradation
factors represented by dft, dfc, dmt, dmc, dfm, dit and dic. The subscripts
‘f’ and ‘m’ indicate fiber and matrix, respectively, and ‘i’ indicates
interface. The following degradation factors suggested by Zhang
et al. [23] were utilized in this work: dft = 0, dfc = 0.1, dmt = 0,
dmc = 0.1, dmf = 0, dit = 0, and dic = 0, all of which were determined
by a trial-and-error method based on a series of numerical tests
[23].Model validation and failure analysis
Based on the progressive damage models, the numerical stiff-
ness, failure loads and failure modes of the single-lap joint and
double-lap joint were predicted. The good agreements between
the numerical and experimental results gave evidence of the effec-
tiveness of the PDM. Typical mechanical behavior of the joints was
compared to provide a deep understanding of the secondary bend-
ing effects.
Model validation
Fig. 3 shows the experimental and numerical load–displace-
ment curves for single- and double-lap joints, numbered TSJ-1 to
Table 2
Failure criterion and Material degradation models.
Failure modes Failure criterion Material degradation rules
Fiber tension (r11 > 0) r11
Xt
 2
P 1 E
d
11 ¼ dftE11
Fiber compression (r11 < 0) r11
Xc
 2
P 1 E
d
11 ¼ dfcE11
Matrix tension (r22 > 0) r22
Yt
 2
þ s12S12
 2
þ s23S23
 2
P 1 E
d
22 ¼ dmtE22 ;Gd12 ¼ dmtG12 ;Gd23 ¼ dmtG23
Matrix compression (r22 < 0) r22
Yc
 2
þ s12S12
 2
þ s23S23
 2
P 1 E
d
22 ¼ dmcE22;Gd12 ¼ dmcG12;Gd23 ¼ dmcG23
Fiber–matrix shear(r11 < 0) r11
Xc
 2
þ s12S12
 2
þ s13S13
 2
P 1 G
d
12 ¼ dfmG12; md12 ¼ dfmm12
Interface tension (r33 > 0) r33
Zt
 2
þ s13S13
 2
þ s23S23
 2
P 1 E
d
33 ¼ ditE33;Gd23 ¼ Gd13 ¼ md23 ¼ md13 ¼ 0
Interface compression (r33 < 0) r33
Zc
 2
þ s13S13
 2
þ s23S23
 2
P 1 E
d
33 ¼ dicE33;Gd23 ¼ Gd13 ¼ md23 ¼ md13 ¼ 0
Fig. 3. Numerical and experimental load–displacement curves for the single-lap
and double-lap joints.
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F denote typical states. For both types of joints, the numerical
curves are in good agreement with the experimental curves, which
demonstrates that the finite element model and progressive dam-
age model can simulate the initial stiffness and subsequent stiff-
ness degradation of the joints accurately. Table 3 further lists the
predicted and experimental failure loads of the single-lap and
double-lap joints. For both types of joints, the variation coefficients
of the experimental data are no more than 5%, which indicates that
the scatter of the experimental data is small. In addition, the
numerical prediction errors for the failure loads of the joints are
less than 5%, which indicates that the progressive damage model
can forecast the failure loads accurately. This progressive damage
model can reproduce the load–displacement curves and accuratelyTable 3
Strength comparison between experiments and PDMs simulation.
Specimen No. Experimental failure load (kN) Average failure load (kN)
TSJ-1 10.70 11.26
TSJ-2 12.00
TSJ-3 11.10
TSJ-4 11.60
TSJ-5 10.90
TDJ-1 21.18 20.83
TDJ-2 20.88
TDJ-3 20.78
TDJ-4 21.06
TDJ-5 20.26predict the failure loads, which gives evidence of the effectiveness
of the model.
From Fig. 3 and Table 3, the difference between single-lap and
double-lap bolted joints can be observed, and the secondary bend-
ing effects can be depicted. In the single-lap joints, the curves
started to deflect from linear behavior at the initial failure load
(approximately 8 kN) and then entered a significant softening
phase. Quickly, the single-lap joints arrived at their peak loads
and lost their load-bearing capability. The final failure displace-
ment of the single-lap joints was approximately 1.5–2 mm shorter
than that of the double-lap joints, which ranged from 3.5 to
4.5 mm. In addition, the average failure load of the single-lap joints
was approximately 11 kN, which was close to half that of double-
lap joints. In the double-lap joints, the curves exhibited steady a
linear growth until the initial failure occurred (approximately
15 kN). The slopes decreased sharply due to severe composite
degradation. The advents of several small jumps and waves indi-
cated that the bearing damage kept on propagating in the joints.
However, these curves soon showed another approximately linear
stage, which indicated that even though the joints were suffering
substantial damage, their load-bearing capability continued to
strengthen.
Failure analysis
Fig. 4 gives the experimental failure patterns of the upper lam-
inate of a single-lap joint and the central laminate of a double-lap
joint, respectively. Both joints experienced bearing damage ahead
of the bolt hole.
For the single-lap joint, secondary bending effects were
observed in the slanted hole wall and the larger deformation of
the hole on top of the laminate than on the bottom. Minor bearing
damage with crimping occurred ahead of the hole, which slightly
expanded the circle of the hole. In contrast to the single-lap joint,
the bolt in the double-lap joint horizontally pushed the laminates
ahead of the hole to form a runway-shaped orifice, which resultedCoefficient of variation (%) Predicted failure load (kN) Error (%)
4.23 11.09 1.51
1.53 19.93 4.32
Fig. 4. Experimental failure patterns of laminate in the joints. (a) Top view of the upper laminate in the single-lap joint. (b) Axial view of the upper laminate in the single-lap
joint. (c) Top view of the central laminate in the double-lap joint. (d) Axial view of the central laminate in the double-lap joint.
708 L. Zhao et al. / Results in Physics 6 (2016) 704–711in severe bearing damage and shear damage exhibited on the sur-
face of the plate of interest. Clearly, a slight degree of damage in
single-lap joints led to an obvious reduction of the load carrying
capability, while the double-lap joints could withstand more sev-
ere damage.
The failure contours of the upper plate of the single-lap joint
and the central plate of the double-lap joint were extracted after
the final failure examination. Fig. 5 illustrates failure contours in
the two types of joints, including the comprehensive failure con-
tours and those corresponding to seven micro-scale failure modes.
The view windows of the profiles in Fig. 5 cover the area denoted
by dashed rectangles in Fig. 2(a) and (b). For contrast, the failure
contours of the whole central plate in the double-lap joint are plot-
ted according to the structural symmetry. Failure zones are marked
in gray to clearly identify the failure status in the two types of
joints.
The comprehensive damage zones shown in Fig. 5(a) and (i) are
mainly induced by inter-laminar compression failure (Fig. 5
(h) and (p)) and fiber–matrix shear failure (Fig. 5(f) and (n)). In
addition, fiber (Fig. 5(c) and (k)) and matrix compression (Fig. 5
(e) and (m)) in the transverse direction also give rise to conspicu-
ous damage areas in the joints. There is only minimal damage
around the bolt hole due to fiber, matrix, or interlaminar tension
failure, as depicted in Fig. 5.
From Fig. 5(a)–(h), it can be observed that the damage zone in
the single-lap joint was anti-symmetric and approximately trian-
gular in shape, which was caused by the bolt inclination and the
laminate warp due to the secondary bending effects. The damage
in the lower-left corner around the hole and that on the upper-
right surface of the laminate were especially serious. In contrast,
in Fig. 5(i)–(p), the damage zones in the double-lap joint were rel-
atively uniform along the hole edge. They were much larger than
those in the single-lap joints and extended to the end of the lami-
nate. This pattern of damage suggests that the double-lap joint
achieved a higher efficiency of material utilization than the
single-lap joint, which is in agreement with the catastrophic
shear-out and bearing damage presented in Fig. 4.Quantitative analysis of secondary bending effects in
progressively damaged joints
Secondary bending can be described by a bending moment that
results from the eccentric load applied to the joints. The bending
moment is balanced by the reaction of the surrounding structuresin the joint during the loading procedure, which leads to some
non-linear deformations including warping of the laminates, slant-
ing of the fasteners and deformation of the fastener hole, among
other deformations. Here, some typical physical factors, namely,
the secondary bending (SB) at the AGARD point, the contact areas
and the slant of the fastener were investigated to characterize
the secondary bending effects.
Secondary bending
From the numerical results, the secondary bending (SB) was cal-
culated from the strains located at the AGARD points [14] and plot-
ted in Fig. 6, in which different load levels corresponding to Points
A to F in Fig. 3 are marked. Because the initial load applied to the
joints was affected primarily by the static friction force, the strains
produced by the bending and tension of the plate were both very
small, which led to a singular SB value.
For the single-lap joint, the value of SB increased quickly as the
applied load increased and then rose linearly at a slow rate up to
the final failure range between 1.6 and 1.9 (from Point B to D). Dur-
ing this period, the joint experienced gradual damage propagation
and stiffness reduction. After that, the joint arrived at its peak load
and quickly lost its load carrying capability with a sudden fluctua-
tion of SB to over 2.0 (Point D).
In contrast, the secondary bending in double-lap joints was very
small (in the range of 0.2–0.4) before the initial damage occurred
and much less than that in single-lap joints. Compared with
single-lap joint, the value of SB slightly decreased as the load
increased. When damage occurred in the joint (Point E), resulting
in a reduction of the joint stiffness, the secondary bending rapidly
increased. Eventually, SB in the double-lap joint reached approxi-
mately 0.8, which corresponds to the final failure load marked by
Point F.
Deformation and contact states
From the progressive damage analysis of the bolted joints, the
deformation of the joint can be captured throughout the loading
process, as shown in Fig. 7. A tilt angle was defined between a line
normal to the composite plate and the line connecting the geomet-
rical center of the bolt head and the nut to measure the local defor-
mation of the joint. Because of the geometrical symmetry, the tilt
angle in the double-lap joint was identically equal to zero. The tilt
angle was extracted from the numerical results and the curve of
Fig. 5. Profile charts of failure contours in the single-lap and double-lap joints. (a)–(h) Single-lap joint (i)–(p) Double-lap joint.
Fig. 6. Changes of secondary bending during the damage propagation process.
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angle in the single-lap joint grew continuously with the applied
load. At first, it increased linearly from Point A to Point C. Withincreasing applied load, the slope of tilt angle vs. load gradually
increased as the damage accumulated in the joint reduced the joint
stiffness and made the bolt deflection easier. When the damage
had accumulated to some extent, the tilt angle rapidly jumped
from 6 degrees to 8 degrees, corresponding to the catastrophic final
failure (Point D) in the single-lap joint.
The local deformation and damage zones of both joints under
typical load states are also extracted and concisely illustrated in
Fig. 7(a). For the single-lap joint, the secondary bending led to
the tilt of the fastener and the warp of the laminates. It exacer-
bated the uneven deformation and asymmetric stress distribution
around the bolt hole, which brought about material damage in the
joint. Subsequently, the composite materials around the hole wall
suffered from the more intense stress concentration and gradually
failed. As the applied load increased, the bolt in the single-lap joint
tilted more severely and the triangular damage zone developed
rapidly in the laminate. As a result, the contact area between the
fastener and the hole wall became much smaller, and finally the
joint lost its load-bearing capacity. With respect to the double-
lap joint, however, the deformation distribution of the center lam-
inate (i.e., the laminate of interest) was relatively uniform. It could
be deduced that the stress was evenly distributed along the thick-
ness direction, which resulted in a consistent compression of the
material ahead of the hole. Thus, the double-lap joint was still
Fig. 7. Deformation and contact states in single-lap and double-lap joints. (a) Tilt angle and deformation sketch, (b) contact area on the faying surface.
Fig. 8. Compressive stress variation along the path in the axial direction. (a) Stress distributions in the single-lap joint (b) stress distributions in the double-lap joint.
710 L. Zhao et al. / Results in Physics 6 (2016) 704–711effective, although all the surface materials along the hole wall
were destroyed.
The contact areas, which changed during the loading process,
also reflected the secondary bending effects in the joints. Fig. 7(b)
shows the contact area vs. load curves, which shows the contact
between the laminates of the single-lap joint, between the lami-
nate and the bolt-head of the single-lap joint, and between the cen-
tral laminate and the upper or bottom laminate of the double-lap
joint. In the single-lap joint, the bolt head maintained contact with
the laminate until the onset of damage. With damage propagation,
the bolt head gradually separated from the laminates gradually.
However, slight changes followed by obvious drops were detected
for the contact areas between the laminates in both single- and
double-lap joints. The contact areas decreased much more quickly
in the single-lap joint, which meant that the laminates tended to
separate from each other due to severe bending deformation. In
addition, the contact area between the two laminates in the
single-lap joint and that between the upper laminate and central
laminate in the double-lap joint are illustrated in dark gray.
The contact area between two laminates is correlated with con-
tact force, as shown in Fig. 8. The stresses on the faying surface in
the axial direction were extracted under several load levels (corre-
sponding to Points A–F) in both types of joints. The stress levelsweresimilar for both types of joints because the initial contact stateswere
primarily determined by the preload force. Since the preload was
applied on the fastener shank, the stress increased gradually in the
direction of the bolt hole, and the largest compressive stress
appeared near the hole edge. At the same time, the contact area near
the free end was similar to that away from the free end.
During the loading process, the contact area decreased and the
contact stress away from the bolt head quickly decreased in the
single-lap joint. As shown in the single-lap joint in Fig. 8(a), the
diameter of the contact area between laminates decreased from
3.7 to 2.0 times the bolt hole diameter as the damage propagate,
which could be explained by the laminate warp reducing the con-
tact areas in the joint. In the double-lap joint, the stress level near
the free end increased slightly and the diameter of the contact area
remained approximately 5.0 times the bolt hole diameter in Fig. 8
(b). On the other side, the stress level away from the free end grad-
ually decreased with the applied load. The diameter of the contact
area ranged from 3.4 to 2.7 times the bolt hole diameter. The
change depicted in Fig. 8 is consistent with the diagrams of local
deformation and the contact states in Fig. 7. From these results,
it can be concluded that the higher stress level and decreased
contact area caused by secondary bending further accelerated the
material damage in the single-bolt, single-lap joint.
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In this work, a combination of experimental and numerical
methods was utilized to investigate the secondary bending effects
on the mechanical behavior of a single-bolt, single-lap joint by
comparison with a double-lap joint. Progressive damage analyses
of both types of joints were implemented to investigate their dif-
ferent load-bearing mechanism and the effects of secondary bend-
ing during the progress toward total failure. Good agreements was
achieved between the experimental and numerical results, which
proved the effectiveness of the progressive damage models. The
results showed that the single-bolt, single-lap joint had a nonlin-
earity onset strength that was lower by half than that of the
double-lap joint. The average final failure load of the single-lap
joint was 85% lower than that of the double-lap joint.
Experimental macro-scope failure patterns of the two types of
joints and seven numerical micro-scope failure modes obtained
from the progressive damage analyses were studied. Bearing dam-
age was dominant in the single-lap joint, while both shear-out
damage and bearing damage were very severe in the double-lap
joint. According to the seven micro-scope failure contours, the
damage zones in the single-lap joint were not symmetric and were
approximately triangular in shape, which was caused by the incli-
nation of the bolt and the warp of the laminate due to secondary
bending effects. However, the damage zones in the double-lap joint
were relatively uniform along the hole wall, which resulted in a
higher load-bearing capability in the double-lap joints.
The SB at the AGARD point changed linearly from 1.6 to 2.0 in
the single-lap joint while remaining approximately 0.3 in the
double-lap joint, after which it suddenly rose for both types of
joints due to the occurrence of the final failure. The tilt angle in
the single-lap joint, as a typical characteristic of secondary bend-
ing, was found to increase with the load and finally reached 7.6
degrees as the damage extended. Moreover, as a result of the local
deformation caused by the secondary bending, the contact area
decreased rapidly and sped up the material damage in the single-
bolt, single-lap joint.
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